Understanding the isotopic composition of precipitation in a forested catchment is critical for ecohydrological studies. Changes in the water isotopes of rainfall were assessed during its passage through the canopy in throughfall, and the effect of different forest stands on the isotope composition of throughfall. In a cool temperate forest in Korea, rainfall and throughfall samples collected under Pinus densiflora (red pine), Castanea crenata (chestnut), Robinia pseudoacacia (black locust) and mixed stands (mix of these three species) were analysed for oxygen and hydrogen isotopes. Throughfall δ
Introduction
Forest ecohydrology is intimately tied to the relationship between trees and incident precipitation (Pypker et al. 2005 , McGuire and McDonnell 2007 , CarlyleMoses and Gash 2011 , Levia and Germer 2015 . Oxygen ( 18 O) and hydrogen ( 2 H or D) isotopes of water are widely used to constrain the hydrology and water budgeting of various forested ecosystems (Bayard et al. 2005 , Cui et al. 2009 , Sprenger et al. 2016 . Knowledge of oxygen and hydrogen isotope fractionation and their subsequent spatial and temporal variabilities among different water reservoirs has helped to highlight the hydrological relationship between precipitation, vegetation, soil water and groundwater (Clark and Fritz 1997 , Kendall and McDonnell 1998 , Lee et al. 2003 , Liu et al. 2008 .
The presence of forested landscape causes isotopic changes in the infiltrating water (Brodersen et al. 2000 , Hsueh et al. 2016 , Allen et al. 2017 . Depending upon vegetation types, a plant canopy can intercept and temporarily store a substantial amount of precipitation (Pypker et al. 2005) . Interception losses range from as low as 6.2% of total annual rainfall in the savanna, to as high as 45% in coniferous forests (Carlyle-Moses and Gash 2011) . Thus, the interaction between three processes: (1) interception manifested in the form of a canopy storage/ selection effect (Ikawa et al. 2011 , Xu et al. 2014 , Hsueh et al. 2016 ; (2) re-evaporation between precipitation events Matsui 1991, McGuire and McDonnell 2007) ; and (3) the isotopic mixing of intercepted precipitation with the water vapour and pre-event water trapped in tree canopies (Saxena 1986 , Allen et al. 2014 , 2017 , can cause throughfall and stemflow water, collected in the subcanopy, to be isotopically different from water collected above the canopy (DeWalle and Swistock 1994, McGuire and McDonnell 2007) . When determining rainfall and throughfall/stemflow 18 O and D isotopic composition, it is important to identify the factors that govern the final isotopic composition of water in the canopy. The isotopic signatures of precipitation traversing the tree canopy are altered by vegetation type, canopy architecture and leaf-tobranch ratio. Apart from this, intensity and duration of precipitation, and other regional to local meteorological conditions also influence isotopic signatures (Brodersen et al. 2000 , Allen et al. 2017 .
There exist several studies that characterize the behaviour of 18 O and D isotopes in incident precipitation. However, far fewer studies exist that examine the composition of 18 O and D isotopes in throughfall and stemflow (McGuire and McDonnell 2007 , Zhang et al. 2010 , Ikawa et al. 2011 , Xu et al. 2014 , Hsueh et al. 2016 . Despite the importance of the forest's role in influencing the hydrology of a region, throughfall isotopic studies for most forest ecosystems are not prioritized. Isotopic signatures of rainfall rather than throughfall are used to strengthen understanding about the various ecosystem processes, including forest ecosystems. The canopy-related effect of interception, storage and re-evaporation on the isotopic concentration of rainfall has often been neglected for forested regions (Kubota and Tsuboyama 2003) . In forested ecosystem, it is necessary to determine the contribution of the canopy in altering throughfall isotope signatures, so that water isotope-based studies can take note of the modified 18 O and D isotopic ratios in forest ecohydrology. Such understanding will help in interpreting the results of various ecosystem-based studies that use 18 O and D isotopes (Brodersen et al. 2000 , Allen et al. 2017 . In this context, an improved understanding of the control of the seasonal and spatial distribution of water in the rainfall-throughfall interface is desirable, to provide scientific input for better planning of forest ecohydrological strategies.
In this study, inter-and intra-storm 18 O and D (or 2 H) variations in rainfall and throughfall were used to compare differences in their isotopic compositions in the cool temperate forest stands of different canopy characteristics. The objectives of the study are to (1) quantify the spatial isotope variability of throughfall in relation to differing species-specific stands characterizing different structures, and (2) then compare the isotopic composition of rainfall with throughfall, and the local meteoric water line (LMWL) to understand the role of vegetation in this forested catchment.
Materials and methods

Study site
The study was carried out in the cool temperate forests of Mt Mokryeong, South Korea (33°43ʹN latitude and 127°26ʹE longitude) (Fig. 1) . The cool temperate forests growing in this region are secondary in origin, being about 40 years old. Pinus densiflora Siebold and Zucc. (red pine) (conifer), Castanea crenata Siebold and Zucc. (chestnut) (broadleaved with whole leaf) and Robinia pseudoacacia L. (black locust) (broadleaved with compound leaf) were planted during the reforestation programme of the 1980s. The total stem density of red pine was 654 ha −1 and the average tree height was 15.5 m. The total stem density and average height of chestnut were 354 ha −1 and 12.5 m, and those of black locust were 310 ha −1 and 18.5 m. The average tree density in mixed stands was 530 ha −1 .
The altitude of the study area ranged between 85 and 248 m above mean sea level. The annual mean temperature during the study period was 12°C; with a mean minimum temperature of 6.5°C in January and mean maximum temperature of 17.3°C. The annual rainfall in the area during the study period was 1448 mm, which was distributed into 1079 mm summer rainfall and 202 mm winter rainfall. These values are identical to the long-term mean average values for the region (Korea Meteorological Administration, www.kma.go.kr). During winter, snow starts accumulating in the mountainous regions in mid-December and the study area remains covered by snowpack until mid-spring.
Sampling and analysis
Thirteen throughfall and precipitation events were collected from 23 April 2012 to 4 February 2013. Four different stands within the forests were selected, characterized by three species, red pine, chestnut and black locust, and a fourth mixed plantation. In each stand, three trees were selected, differing in diameter, size and height, based on ocular estimation. Under each tree, throughfall apparatuses (three in number) were placed midway between the main stem and the canopy edge. To collect rainfall, apparatuses were placed in the open area, outside the forests. A polyethylene funnel of 21 cm diameter (Nalgene™) fitted with 2-mm polyethylene mesh at the bottom of the mouth was used to channel throughfall and rainfall into a 10-L fluorinated, high-density polyethylene container (Nalgene™). All the containers were wrapped in aluminium foil to mask them from direct sunlight. For snow collection, 50-L, wide-mouth collection buckets were used. After every event, funnels and collection apparatuses were washed with deionized water (>18 MΩ) (Pure Power II+ water purification system, Human Corporation, Seoul, Korea) and air dried.
Collected samples were brought to the laboratory immediately after the end of every storm event and filtered using 0.45-µm pore size filter paper (Advantec® mixed cellulose membrane 47 mm size).
Filtrate was collected in a 1-L polystyrene filterware (Nalgene™) and subsequently stored in a refrigerator at 2°C until isotopic analysis. In the case of snow, samples were retrieved immediately in large Ziploc® bags after the snowfall to prevent melting-related losses, brought to the laboratory, and immediately stored in a refrigerator at −20°C until isotopic analysis. Two samples were lost due to funnel breakage and one sample was discarded because it was contaminated with bird droppings.
For oxygen isotopic analysis, about 2 mL of each rainfall/throughfall sample was equilibrated with tank carbon dioxide gas at 25°C. The gas was then extracted and cryogenically purified. For deuterium analysis, metallic chromium was used to produce hydrogen gas using an automatic on-line sample preparation system (GV Instruments, Euro PyrOH, UK). The oxygen and hydrogen isotope compositions were measured using two isotope ratio mass spectrometers (IRMS; GV Instruments IsoPrime and Micromass Optima, UK) at the Korea Basic Science Institute. The stable isotopic compositions were expressed in δ notation relative to Vienna Standard Mean Ocean Water (VSMOW) for oxygen and hydrogen isotopes:
The analytical reproducibility for each standard and sample was ±0.1‰ for δ 18 O and ±0.5‰ for δD. During the sample analysis, the laboratory standards for each isotope were run after every nine samples.
Data analysis
Volume-weighted means were calculated for rainfall and throughfall using the equation δ WA = Σ(P i δ i )/ ΣP i , where δ i is measured isotopic value during the precipitation event and P i is precipitation (mm) during the period (Lee et al. 2003) . The relationship of δD versus δ
18
O for all the waters, and the local meteoric water line (LMWL) were obtained using linear regression analyses. Afterwards, LMWLs were then compared with the global meteoric water line (GMWL) of Craig (1961) , which shows the global relationship between δD and δ
O of different waters. If the slope of the LMWL is lower than 8, it suggests the role of evaporation. We have calculated the deuterium excess value (d-excess value, d) following Dansgaard (1964) 
18 O), to identify the processes that contribute to the variations in the isotopic composition of precipitation. Deviation of d-excess values from the LMWL (higher or lower than 10‰) shows the effect of source air masses, humidity, temperature and evaporation (Gat 1996 , Lee et al. 2003 . The isotopic results for rainfall and throughfall samples were subjected to ANOVA using XLSTAT-pro v. 13.2.1.0 (Addinsoft, New York, USA). Graphical visualization of the lines of best fit was produced using Sigmaplot 10.0 (SYSTAT, Chicago, USA).
Results
During the study period, the isotopic compositions of rainfall and throughfall varied among events (Fig. 2) (Fig. 3) .
The adjusted r 2 for all the δD-δ 18 O best-fit LMWLs ranges from 0.82 to 0.87. The slope values for throughfall in this study range from 6.89 in black locust to 7.46 in red pine, with a slope of 6.65 for rainfall. Seasonally, the LMWLs for summer and winter precipitation differ significantly (Fig. 4) . The slopes and intercepts (y) of best-fit lines are higher in summer LMWLs compared to winter LMWLs (Table 2) . Summer LMWLs lie right of the GMWL, whereas winter LMWLs lie left of the GMWL (Fig. 4) . The isotopic compositions of winter precipitation exhibit a greater scatter than summer precipitation (Fig. 4) . The slopes of summer and winter precipitation (except winter rainfall) almost match the GMWL. In the case of the intercept (y), winter precipitation (except rainfall) LMWL intercepts approximate the GMWL intercept of 10. However, for the summer precipitation, intercepts here are much higher than the GMWL intercept of 10, ranging from 11.6 (mixed stand) to 16.4 (red pine). The slope of winter rainfall at 6.38 is lower, including the slopes of winter throughfall precipitations, though not considerably, than that of GMWL.
Weighted mean d-excess values for rainfall and all throughfall lie close to 10‰ of the GMWL ( O rainfall isotopic results are in agreement with the long-term average rainfall isotopic values of the IAEA-GNIP station in Korea (Cheongju) for the period of 1998-2009 (−2.65 to −16.70‰, with an average of −8.13‰). However, the average δD isotopic value of rainfall over the cool temperate forests in this study on average is −5.3‰ higher than the long-term IAEA-GNIP results (−11.3 to −124.4‰ with an average of −52.9‰) (IAEA 2012).
Oxygen and hydrogen isotopic values vary spatially among different throughfall, though only by a small amount and non-significantly. The differences of 0.1-0.25‰ for δ
18
O and −0.7 to +0.7‰ for δD noticed among different throughfalls are consistent with Brodersen et al. (2000) . Seasonally also, different species showed differences in throughfalls. Differences in δ 18 O among different species in summer range from 0.02 to 0.25‰ and in winter the range is 0.10-0.88‰. Differences in the isotopic composition of different throughfalls are more visible in the case of δD. Differences in the isotopic signatures of deuterium are 0.2-0.4‰ in summer and 2.2-8.0‰ in winter. This could be tied to the differences in the canopy activities, rate of evaporation and moisture source between the two seasons. Among all the species, winter throughfall of red pine is generally enriched in δ 18 O and δD as compared to other species. This may be because of the winter green canopy surface of red pine, which allows selective storage even in winter and offers longer residence time for snow to stay in its canopy compared to other species. Overall throughfall in the study is enriched by 0.17-0.36‰ in δ
O and by 0.9-1.6‰ in δD over rainfall, and the results of this study are consistent with the pattern of enrichment observed elsewhere (Dawson and Simonin 2011, Allen et al. 2017 and references therein). Seasonally, summer throughfall is 0.52-0.77‰ enriched, whereas winter throughfall is 0.08-0.62‰ enriched (except for black locust, −0.26‰ depleted) compared to rainfall. In a forested ecosystem, a significant quantity of incident precipitation is intercepted and held in the tree canopies (i.e. canopy storage), and subsequently evaporates. Commonly suggested processes of canopy effects, i.e. selective canopy storage (DeWalle and Swistock 1994, Brodersen et al. 2000 , Dawson and Simonin 2011 , Xu et al. 2014 , molecular exchange processes of atmospheric water vapour with intercepted water due to nonequilibrium conditions resulting from dissimilar isotopic values (Brodersen et al. 2000) , and pre-event effects (Allen et al. 2014) , during and after rainfall events, lead to the alteration in the isotopic composition of throughfall (as well as stemflow) collected below tree canopies.
Small increases in throughfall isotopic ratios compared to rainfall suggest that selective canopy storage of rainfall from the end of an event, when rainfall is typically depleted in heavy isotopes and may completely evaporate, produces enriched throughfall compared to rainfall. In our study, relatively enriched isotopic signals and lower d-excess value as compared to rainfall are consistent with an evaporation effect (Allen et al. 2017) . All the events plot close to the LMWL and the slopes of throughfall δ 18 O-δD regressions are close to 8. These conditions indicate that intercepted water has undergone limited evaporation during the precipitation events. Deuterium excess values calculated as d = δD − (8 × δ 18 O) (Dansgaard 1964), if they exceed that of the LMWL, suggest the role of evaporation and mixing of evaporated water with throughfall (Liu et al. 2007 ).
We notice d-excess values close to 10‰, which suggest small intra-event evaporation (Clark and Fritz 1997, Lee et al. 2003) . Therefore, we assume that the isotopic patterns in our study probably indicate the effect of selective canopy storage on the throughfall isotopic composition in cool temperate forests. However, storage describes the net capacity of a canopy to intercept water rather than processes that generate effects on throughfall isotopic signatures. In addition to this, isotopic data that suggest evaporation are also suggestive of a selection effect (Allen et al. 2017) . Two consecutive precipitation events separated by 24 hours (events 9 and 10) indicate a pre-event canopy storage effect, as suggested by Allen et al. (2014) . Though a difference in the isotopic composition exists in rainfall also for these two events (3.02‰ for δ 18 O and 23.8‰ for δD), the isotopic difference between the aforementioned two events in the throughfalls is much higher compared to rainfall. O enrichment ranges from 1.49 to 2.93‰, whereas the highest depletion ranges from −0.61 to −1.75‰ (Fig. 3) . This suggest that the magnitude of isotopic effects differs among species, possibly due to the difference in canopy architecture and its effect on the flow path (of water), the within canopy environment, evaporation and storage.
The patterns of δD and δ
O change among events are almost identical for various throughfall and rainfall (Fig. 2) . However, individual events in this study show considerable variations of enrichment and depletion in isotopic composition (Fig. 3) , similar to the differences observed by Brodersen et al. (2000) . These differences are noticeable seasonally. We notice that mean δ 18 O values of winter rainfall and throughfall are lower than the mean δ 18 O values of the summer rainfall and throughfall. This is because of the relatively depleted isotopic composition of snow precipitation.
Generally, δ
O and δD values of precipitation decrease with increasing rainfall (amount effect) and decreasing air temperature (temperature effect) (Clark and Fritz 1997, Sharp 2007) . A comparison of individual events reveals the lowest δ
O and δD during winter, corresponding to snowfall, which coincides with the lowest air temperature (≈ −10°C). Such highly depleted isotopic composition corresponding to snow has been reported elsewhere (Koeniger et al. 2008) , including Korea (Lee and Kim 2007, IAEA. 2012) . However, one winter non-snow sample shows relatively enriched δ
O and δD values. In summer, the lowest δ 18 O and δD values in the study overlap with the events where precipitation amounts are highest. Previous stable isotopic studies of the precipitation for the region also showed such a pattern (Araguás-Araguás et al. 1998, Lee et al. 1999) .
A number of studies suggest that the d-excess value is a better tracer of isotopic changes during water channelling than δD and/or δ 18 O (Cui et al. 2009, Dawson and Simonin 2011) . In this study, mean d-excess values for both rainfall and throughfall lie close to 10‰ of the GMWL. And differences in the isotopic values between rainfall and various throughfall are small and non-significant. However, that is not the case with the d-excess values. The d-excess values of throughfall and rainfall differ significantly (P < 0.01). The throughfall d-excess value is 0.4‰ (chestnut) to 1.6‰ (mixed stands) higher than the rainfall d-excess values, except for red pine (Table 1 ). This could possibly be because of the canopy effect on the interceptionevaporation interplay (Cui et al. 2009 , Zhang et al. 2010 , Dawson and Simonin 2011 . Gat and Matsui (1991) also observed an increase of 3‰ in the d-excess value of the isotopic composition of precipitation over Amazon forests. They interpreted this increase in d-excess value to the cumulative effect of re-evaporation from the canopy of the rainforests.
Furthermore, d-excess values differ significantly among different throughfalls (P < 0.001). The d-excess values are in the decreasing order of red pine > chestnut > black locust > mixed stands. We recorded 0.6-2.0‰ difference in the d-excess values among different throughfalls. This indicates that during precipitation events different amounts of water re-evaporate from the canopies through species-specific differential evaporation rates, due to heterogeneous canopy characteristics, and related processes (Zhang et al. 2010) . Differences in the d-excess values also exist when we binned all the throughfall events into two different seasons. In the summer, d-excess values range from 8.7 to 10.1‰ in the order of red pine > chestnut > black locust > mixed species, with differences of 0.1-1.4‰ among the four different throughfalls. In the winter, d-excess values are higher than summer, and are in the range of 17.2-19.3‰ in the decreasing order of red pine > black locust > mixed species > chestnut. The winter-specific d-excess value differences among the four different throughfalls are in the range of 0.4-2.1‰.
Here, results indicate that vegetation can modify the d-excess values of the precipitation and the change is higher in winter than in summer. The d-excess values are generally regulated by the meteorological conditions of the sampling region, i.e. temperature, relative humidity and wind regime (Gat 1996 , Lee et al. 2003 . In a forested ecosystem, tree stands moderate belowcanopy air temperature and relative humidity, and create a specific understory microclimate that differs from the surrounding local climate. This moderation differs from species to species due to the complex interplay of several stand characteristics and physiographic settings (von Arx et al. 2012 ). The differences in the d-excess values among the four different throughfalls can be related to the specific microclimatic conditions created by the species-specific canopy studied here.
The d-excess values of this study overlap with seasonal and annual d-excess values reported by Lee et al. (2003) for Korean precipitation. Throughfall during the winter season is relatively depleted in δ 18 O, with a relatively low intercept compared to throughfall during the rainy summer season. In addition, secondary reevaporation of water in winter is unlikely in our region due to sub-zero temperatures. Hence, the d-excess values >10‰ cannot be ascribed to secondary evaporation. The slopes of winter throughfall near 8 show that some other process is responsible for high d-excess values of winter throughfall, with evaporation playing either no role or only a small role. It is important to note that in our study region most of the winter precipitation is snowfall coupled with the leafless period, leaving limited canopy areas for evaporation, except for red pine. Therefore, the slope of winter rainfall is lower than 8 (6.38‰), with a high d-excess value (19.5‰). Snow interception is often characterized by an increase in d-excess values and the factors responsible for such changes are sublimation and partial snowmelt (Gat 2010) . The average difference of~9.5‰ in d-excess value that we recorded between water collected in the summer and the winter precipitation (throughfall and rainfall) reflects differences in the humidity over the region during summer and winter (Lee et al. 2003) .
If the δD-δ
O slope is different between rainfall and throughfall and among the four different throughfalls, we can suggest that a particular species has affected the precipitation differently compared to the other species. Here, rainfall δD-δ 18 O slope (6.65‰) is about 0.24-0.81‰ lower than that of throughfall. Different throughfall LMWLs result in δD-δ
O slopes in the range of 6.89-7.46‰ in the order of red pine > chestnut > mixed species > black locust. The difference in the δD-δ
O slopes among the four throughfalls is in the range of 0.10-0.57‰.
Seasonally also, summer and winter throughfall LMWLs differ from each other. The δD-δ
O slope difference among different throughfalls is higher in the summer (0.02-0.33‰) compared to the winter (0.03-0.14‰). This indicates that although differences are non-significant here, small mean overall as well as seasonal isotopic differences exist among different throughfalls. However, when rainfall and throughfall are compared seasonally, differences between the two are higher in the winter (0.71-0.85‰) than in the summer (0.14-0.19‰). The summer throughfall LMWL lies close and to the right of the GMWL. Relatively high humidity (>85% at the study site in summer) and minimal evaporation are the two factors that favour a δD-δ 18 O slope of near 8. The winter throughfall LMWL also lies close to the GMWL, but it is positioned towards the left of the GMWL. Reevaporative water tends to cause δD and δ
O isotopic values to co-deviate away from slope 8 towards a lower slope (Clark and Fritz 1997) . However, re-evaporation in the sub-zero winter temperatures is improbable; and winter d-excess values exceeding 17‰ reinforce this (Table 2) . Lee et al. (2003) suggested that trajectories of cold dry polar air masses passing over the Yellow Sea and arriving in continental Korea in winter are responsible for the δD-δ 18 O slope lower than 8 for the region. Lower δD-δ 18 O slopes can also be related to the low relative humidity (mean 60%) during the winter season observed for the study region.
Conclusions
We noticed alterations of H and O isotopes as canopy interception effects are transmitted in the throughfall. Individual events showed considerable variations of enrichment and depletion in the isotopic composition of both rainfall and throughfall. Overall δ
18
O and δD in throughfalls were about 0.35-0.59‰ and 0.85-1.95‰ different from rainfall, and these differences between the two forms of water are substantially larger than the 0.1‰ and 0.5‰ analytical uncertainty for both the isotopes in this study. Dissimilar throughfall d-excess and slope values show that structure of the vegetation may be one of the determinants of throughfall δ 18 O and δD isotopic composition. We hypothesize that higher δD-δ 18 O slope values of throughfalls compared to rainfall in winter precipitation may be related to the difference in the humidity inside forests (higher) and open locations. The differences in the δD-δ
O slopes among different throughfalls can be related to the differences in leaf packing (number of leaves per branch), crown architecture, and canopy packing in a stand (species specific). These conditions can greatly affect the processing of water traversing the tree stand as throughfall and stemflow, as well as humidity levels inside each forest (due to differences in the rate of evapotranspiration). To conclusively address the role of the microclimate in moderating d-excess values in a forested ecosystem, future research is needed to quantify the effect of stand(species)-specific microclimate vis-à-vis local climate on deuterium excess values.
Since even a 0.5‰ difference in δ
O can produce a >15% change in calculation of the contribution of new water (Xu et al. 2014) , it is critical not to discount the canopy isotopic effects in a forested ecosystem, otherwise this could lead to bias in the interpretation of results for ecohydrological studies. To this end, knowledge of the effects of interception and other canopyrelated processes on the isotopic composition of incident rainfall and stemflow collected below the canopy is desirable.
Apart from throughfall, another most important process that influences rainfall distribution in the wooded ecosystem is stemflow. There are marked differences in the routing of intercepted precipitation to the forest floor via stemflow, due to notable differences in the vegetation surfaces, which result in notable differences in the flow path and residence time of intercepted water (Levia 2011) . The stemflow amount varies greatly depending upon species, their branching pattern, and bark properties (i.e. smoothness and wettability). Various precipitation studies have suggested that, percentage-wise, stemflow is relatively smaller than throughfall, but its proportion can still be as high as 15% of the total rainfall (Crockford and Richardson 2000) . In some cases, it even reaches 30% (Xu et al. 2005) . One weakness of our study is that we did not include the isotopic composition of stemflow. Several studies have suggested that isotopic composition of stemflow is different from both the rainfall and the throughfall. It is therefore important that future research on H and O isotopic studies should include stemflow hydrology to better model the changes in catchments dominated by forests.
